To determine whether early administration of losartan slows progression of diabetic kidney disease over an extended period.
progression of nephropathy with prior tight glycemic control was reported in type 2 diabetes by the UK Prospective Diabetes Study (UKPDS), many years after the conclusion of the clinical trial itself (3) . Long-term benefit on nephropathy of early intervention with antihypertensive drugs, however, has not been demonstrated in persons with diabetes, despite the presence of potential mechanisms induced by early treatment with renin-angiotensin system (RAS) inhibitors that might result in a persistent benefit (4) . Participants with type 2 diabetes who were randomized to tight blood pressure control with either captopril or atenolol in the UKPDS had a 29% reduction in risk of urinary albumin concentration $50 mg/L during the trial (5), but this effect was not sustained long term (6) .
In this study, we examine the longterm effect of early treatment with the angiotensin receptor blocker (ARB) losartan on progression of kidney disease in American Indians with type 2 diabetes. Participants in the current study had previously completed a 6-year randomized clinical trial of losartan versus placebo in which few participants reached the primary GFR outcome, and the risk of progression between treatment groups was not statistically significant. In contrast, mesangial fractional volume at the end of the trial was lower in participants with microalbuminuria who were assigned to losartan than in those who were assigned to placebo (7) . In this study, we report results from analyses that include the posttrial period. Given the apparent structural preservation associated with early losartan treatment, we hypothesized that early treatment would provide an extended benefit in reducing the risk of GFR decline in diabetic kidney disease, similar to that observed for early intensive glycemic control.
RESEARCH DESIGN AND METHODS

Study Participants and Design
We selected 170 Pima Indians with type 2 diabetes from the Gila River Indian Community (8) to participate in a 6-year, singlecenter, randomized, double-blind, clinical trial testing the renoprotective efficacy of losartan (Cozaar; Merck) in early diabetic nephropathy. At baseline, 92 participants had normoalbuminuria (albumin/creatinine ratio [ACR] ,30 mg/g) and 78 had microalbuminuria (ACR 30 to ,300 mg/g).
Participants, who were not selected based on GFR at enrollment, were randomized to receive losartan (100 mg/day) or placebo within each albuminuria stratum. Other treatment was provided by the primary care physician. Data on other antihypertensive drugs received during and after the trial were ascertained by self-report. GFR was measured annually, and the primary end point that was specified in the protocol prior to completion of the clinical trial was a decline in GFR to #60 mL/min or to half of the baseline value in participants with a baseline GFR ,120 mL/min. Progression to macroalbuminuria (ACR $300 mg/g) was examined as a secondary outcome. Of the 170 participants randomized in the clinical trial, one had no follow-up measurements and was excluded from analysis (7) . Upon trial completion, the study drug was no longer supplied.
The present analysis combines data collected during the clinical trial and data collected at annual research examinations that continued for a maximum of 12 years posttrial. At the end of the 6-year trial, 111 participants agreed to a kidney biopsy to determine the effect of losartan on glomerular structure. Closing date for the clinical trial was determined either by date of last examination during the randomized treatment study or by date of biopsy for those who agreed to a kidney biopsy. Subsequent follow-up was considered posttrial follow-up. We re-evaluated the effect of losartan treatment assignment on the primary GFR outcome and on progression to macroalbuminuria throughout the trial and posttrial period. The effect of treatment on death or the combined end point of end-stage renal disease (ESRD) or death was also examined. ESRD was defined by the initiation of renal replacement therapy or death from diabetic kidney disease if the participant refused dialysis. Vital status and development of ESRD were ascertained in all study participants through 31 December 2015.
This study was approved by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases. Each participant provided written informed consent.
Clinical and Anthropometric Measures
GFR was measured after an overnight fast by the urinary clearance of iothalamate (9) . Iothalamate concentration was measured in blood and urine samples by highperformance liquid chromatography (Waters, Milford, MA). HbA 1c was also measured by high-performance liquid chromatography (Tosoh, Tokyo, Japan). Urine albumin concentration was measured by nephelometric immunoassay and urine creatinine by a modified Jaffé reaction (Siemens, Erlangen, Germany) (10) . Urine albumin concentrations below the detection limit of the assay (#6.8 mg/L) were set to 6.8 mg/L in the analyses.
Blood pressure was measured while the participant was seated. Mean arterial pressure (MAP) was calculated as (23 diastolic blood pressure + systolic blood pressure)/3.
Statistical Analysis
Characteristics of the study population at the beginning of posttrial follow-up were compared between treatment groups using an independent samples t test for normally distributed variables and the Kruskal-Wallis test for nonnormally distributed variables.
During the clinical trial (7), 97.5% of research examinations were conducted according to the prespecified examination schedule. However, during the subsequent follow-up, adherence to annual research examinations declined, and 15 participants progressed to ESRD without documentation of reaching the primary GFR outcome at a research examination. To avoid the bias (informative censoring) that occurs when loss to follow-up is related to the study outcome, we used linear imputation to estimate the date of onset of the study outcomes (GFR and albuminuria). To estimate the date of onset of the primary GFR outcome, a linear GFR slope was computed in each participant based on the last two GFR values, with the last GFR value defined as follows:
c In participants who did not reach the primary GFR outcome, the GFR measured at their last examination; c In participants who reached the primary GFR outcome at an examination, the GFR value measured at that examination; and c In participants who progressed to ESRD without a GFR measurement indicating that they had reached the GFR outcome, a GFR of zero was assigned as of the date of onset of renal replacement therapy.
The estimated date of onset of the primary GFR outcome was then imputed for all participants from the GFR slope. This approach permitted us to estimate whether a participant who missed scheduled visits and did not reach the primary GFR outcome by their last examination would have done so if they had remained under observation. To avoid extrapolations over too long an interval, the imputation was truncated at 2 years after the last measured GFR, so that follow-up continued for each participant for 2 years after the last measured GFR or until the primary GFR outcome, death, or 31 December 2015, whichever came first. The 2-year follow-up interval was selected because it represented the median time interval between the last GFR measurement and the onset of ESRD in the study cohort. The same approach was used to compute follow-up time and event status for the albuminuria outcome, assuming that development of ESRD also reflected progression to macroalbuminuria. For outcomes determined independently of the annual research examinations (ESRD and death), follow-up time accumulated from enrollment into the trial until the date of the event or 31 December 2015, whichever came first.
MAP and HbA 1c throughout the study period were compared between treatment groups using mixed models to account for serial correlations over time. Times to outcomes were compared by treatment group using Kaplan-Meier survival curves and the log-rank test. Hazard ratios (HRs) were computed using Cox proportional hazards regression. The proportionality assumption was met by each covariate. An interaction term between treatment assignment and baseline albuminuria group was included to test whether the relationship between treatment and outcomes differed by baseline albuminuria status. Where an interaction was present, results were reported separately by baseline albuminuria status. Where no interaction was present, the analysis was stratified by baseline albuminuria status to account for the stratified sampling design, and the overall results were generally reported for both albuminuria groups combined. All analyses were based on intention-to-treat principles.
To account for the acute effects of initiating treatment with RAS inhibitors, GFR measured at each research examination, conducted either during or after the clinical trial at which the participant was treated with a RAS inhibitor, was adjusted upward by 3.75% as described previously (9) .
RESULTS
Of the 169 participants in the clinical trial, 149 remained under observation in the posttrial period (12 died and 8 were lost to follow-up during the clinical trial). Subjects who did not participate in the posttrial follow-up did not differ from those who did in terms of age, sex, diabetes duration, BMI, blood pressure, HbA 1c , GFR, and ACR at baseline. Characteristics at the last clinical trial visit for the 149 participants who remained posttrial were similar between treatment groups (Table 1) . During the clinical trial, 67% of participants in the placebo group were treated with RAS inhibitors at some point (5% with ARB, 47% with ACE inhibitors, and 15% with both), whereas 12% were treated with non-RAS inhibitor antihypertensive drugs (1% were treated solely with non-RAS inhibitor antihypertensive drugs). However, exposure to antihypertensive drugs in the placebo group during the clinical trial was limited to 20% of the total person-time. During posttrial follow-up, 85% of the participants randomized to losartan and 86% to placebo received RAS inhibitors; 6% of those randomized to losartan and 6% to placebo received ARBs alone, 54% of those randomized to losartan and 52% to placebo received ACE inhibitors alone, and 25% of those randomized to losartan and 28% to placebo received both. All participants who received a non-RAS inhibitor antihypertensive drug during the posttrial period also received a RAS inhibitor at some point posttrial. Exposure to RAS inhibitors in the posttrial follow-up was equivalent to 67% of the total persontime in the placebo group and 63% of the total person-time in the losartan group.
Primary GFR Outcome
During the trial and posttrial follow-up, 29 participants randomized to losartan and 35 to placebo reached the primary GFR outcome. The median follow-up to the primary GFR outcome was 12.8 years (interquartile range 8.2-16 years). As no significant interaction was found between treatment assignment and albuminuria group (P = 0.20), the overall treatment effect was estimated. The HR for the primary GFR outcome in those receiving losartan versus placebo was 0.72 (95% CI 0.44-1.18). Adjustment for age, sex, diabetes duration, MAP, GFR, and ACR did not significantly alter our results (HR 0.88 [95% CI 0.52-1.48]). When analyzed separately, the HR was 1.04 (95% CI 0.48-2.25) for the normoalbuminuria group and 0.56 (0.29-1.07) for the microalbuminuria group. The cumulative incidence for the primary GFR outcome and the serial HRs are presented in Fig. 1 
Other Outcomes
Eighty-six participants developed macroalbuminuria ( Supplementary Fig. 1 ); 16 were randomized to placebo and 18 to losartan in the normoalbuminuria group (P = 0.14) and 28 to placebo and 24 to losartan in the microalbuminuria group (P = 0.26). The median follow-up time to development of macroalbuminuria was 10.1 years (interquartile range 3.3-15.6 years). No interaction was found between treatment assignment and albuminuria group (P = 0.11). However, because a significant interaction was found during the clinical trial (P = 0.02), and the risk of macroalbuminuria continued to be in the opposite direction by albuminuria group, the HR for macroalbuminuria was examined separately in these groups. In the normoalbuminuria group, the HR for the first appearance of elevated albuminuria (ACR $30 mg/g) among those receiving losartan versus placebo was 1.02 (95% CI 0.65-1.62), and for the appearance of macroalbuminuria, the HR was 1.40 (95% CI 0.71-2.78). In the microalbuminuria group, the HR for developing macroalbuminuria was 0.68 (95% CI 0.40-1.18).
Twenty-six participants progressed to ESRD during follow-up (11 were randomized to placebo and 15 to losartan). Death occurred in 58 participants (32 were randomized to placebo and 26 to losartan) and in 11 was preceded by ESRD. Although the number of ESRD events was insufficient for informative analyses, the HR for death in those receiving losartan versus placebo was 0.79 (95% CI 0.47-1.32) and for either ESRD or death was 0.88 (95% CI 0.56-1.40). There was no interaction between treatment assignment and albuminuria group in predicting death (P = 0.22) or the combined end point of ESRD or death (P = 0.08). HRs for the various outcomes in each baseline albuminuria stratum and for the combined strata are shown in Table 2 .
Annual Means of Continuous Variables
Annual mean MAP and HbA 1c are shown by treatment group assignment in Fig. 2 . A borderline statistically significant interaction was found between treatment group and baseline albuminuria status when examining annual mean HbA 1c (P = 0.05), with losartan treatment being associated with higher HbA 1c in those with normoalbuminuria but lower HbA 1c in those with microalbuminuria. There was no such interaction for MAP (P = 0.42), but there was a significant difference in MAP by treatment assignment (P = 0.04) that was most apparent in the last 3 years of observation, with lower MAP in those assigned to losartan. The primary GFR finding, however, was unchanged when the Cox model was adjusted for the 2-mmHg difference in MAP between treatment groups (HR 0.74 [95% CI 0.45-1.21]).
CONCLUSIONS
At the end of our 6-year clinical trial, nine participants had reached the primary GFR outcome for an HR of 0.50 (95% CI 0.12-1.99) in those assigned to losartan versus placebo (7) . After up to 12 additional years of follow-up, 64 participants reached the primary GFR outcomed35 originally randomized to placebo and 29 to losartandand the HR was 0.72 (95% CI 0.44-1.18). Although these HRs are not directly comparable, they both suggest no beneficial effect of early treatment with losartan on progression of diabetic kidney disease in Pima Indians with type 2 diabetes.
RAS inhibition reduces the risk of ESRD in persons with type 1 (11) and type 2 diabetes (12) (13) (14) who have chronic kidney disease and in those with other causes of chronic kidney diseases (15) , but its effect on protection from ESRD in early diabetic kidney disease is less well established. One trial reported that treatment with losartan slowed the rate of estimated GFR decline in patients with macroalbuminuria (16), whereas another found that a reduction in the care.diabetesjournals.orgdevelopment of elevated albuminuria in irbesartan-treated patients with microalbuminuria was independently associated with reduced estimated GFR decline (17) , but neither study demonstrated reduction in clinical outcomes such as ESRD.
We had expected that the early structural differences seen on kidney biopsy at the end of the clinical trial might lead to an extended functional benefit of early treatment in our cohort (7) . Among the 51 participants with microalbuminuria who had a kidney biopsy at the end of the clinical trial, those who received losartan during the 6-year trial had lower mesangial fractional volume and higher filtration surface area than those who received a placebo. The lack of a statistically significant reduction in early kidney disease progression in the current study suggests that combined beneficial effects of RAS inhibition in early diabetic kidney disease are, at best, modest. The current study further illustrates the challenges of establishing whether RAS inhibition clearly provides renoprotection in early type 2 diabetes, because a statistically significant reduction in clinical outcomes was not observed even after ;14 years of follow-up, and long-term follow-up of larger antihypertensive drug trials is rarely attempted.
During the clinical trial, we found that the HR for macroalbuminuria in those treated with losartan versus placebo was 8.12 (95% CI 1.02-64.98) among participants with normoalbuminuria and 0.54 (95% CI 0.26-1.10) among those with microalbuminuria at enrollment (7). In the current study, longer follow-up attenuated these HRs, so that neither effect was statistically significant. The current consensus, based on several clinical trials, is that RAS inhibition provides no benefit for primary prevention in normoalbuminuric, normotensive patients with diabetes and may actually lead to harm (18). Consistent with previous findings in antihypertensive drug trials in type 2 diabetes (12) (13) (14) 19) , risk of allcause mortality in our study did not differ between those randomized to losartan or placebo. Additional follow-up of this cohort is needed to determine the longterm effect of early treatment on the risk of ESRD or death.
RAS inhibitors acutely lower GFR during the first 1-3 months of treatment, but may chronically slow the rate of GFR decline. Because the acute and chronic *Decline in GFR to #60 mL/min or to half of the baseline value in persons who entered with GFR ,120 mL/min.
effects are different, accounting for them is difficult, particularly when change in GFR is the outcome. In this setting, a commonly used approach of fitting the regression model with RAS inhibitor treatment as a binary variable is not valid (20) . Accordingly, we used a preferred approach of adjusting the observed GFR in each participant according to changes in RAS inhibitor treatment during follow-up, and we found that this adjustment did not alter our results.
The main strengths of this study include the use of measured GFR and the long follow-up period. Of those alive at the end of the clinical trial, 95% participated in the posttrial follow-up study. Apart from the UKPDS, which had a median posttrial follow-up duration of 8 years, to our knowledge, no previous long-term follow-up of ACE inhibitor or ARB trials beyond 2-4 years of observation has been reported (19, 21, 22) . The current study additionally included long duration of treatment and a minority population with a high frequency of type 2 diabetes and diabetic kidney disease (23,24), which is not represented in most clinical trials. Limitations of this study include its modest sample size, the small number of events, and the inclusion of participants from only a single center, which might limit the generalizability of the findings. Intervals between research examinations sometimes increased as kidney disease progressed, which could lead to differential misclassification of the study-based outcomes (GFR and albuminuria), requiring an imputation method to compute these outcomes. Furthermore, the risk of kidney disease progressing to ESRD in this population may differ from that in other populations because of poor glycemic control and because of the lower risk of competing cardiovascular deaths prior to the onset of renal replacement therapy (25) . In addition, a decision was made midway through the clinical trial to suggest that those who managed these patients consider using other RAS inhibitors in their treatment regimens. Standards of care for people with diabetic kidney disease were evolving, and this modification was required by the ethics committee overseeing the study. Although exposure of those in the placebo arm to these additional agents was low, the study ultimately examined efficacy of losartan versus standard care, and this change may have reduced the magnitude of any long-term treatment effect. Ultimately, in this underpowered study, it is difficult to disentangle whether our findings indicate no benefit of early RAS blockade on diabetic kidney disease or whether any benefit that may be present, particularly if small, was masked by the use of RAS inhibitors in the placebo group.
In conclusion, we found that early treatment with losartan in American Indians with type 2 diabetes did not lead to a statistically significant reduction in the risk of renal function loss relative to placebo during extended follow-up that included a median of ;8 years of observation following 6 years of randomized treatment. Our study highlights the need for larger studies and long-term follow-up to evaluate the renoprotective efficacy of RAS inhibitors in persons with early diabetic kidney disease or with no clinically apparent kidney disease if currently accepted outcomes are used. Reliance on renal function changes or on surrogate markers such as albuminuria may not be sufficient to adequately evaluate renoprotection in early diabetic kidney disease even after many years of follow-up. Alternative end points, such as structural end points from kidney biopsies, may be required to demonstrate renoprotection in early diabetic kidney disease. contributed to the data collection and critical revision of the manuscript for intellectual content. R.L.H., W.C.K., and P.H.B. designed the clinical trial. R.G.N. wrote the draft of the report and designed the clinical trial. All authors contributed to the revision of the paper and approved the final version. R.G.N. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. Prior Presentation. Parts of this study were presented in abstract form at the 76th Scientific Sessions of the American Diabetes Association, New Orleans, LA, 10-14 June 2016.
